Abstract Circadian rhythms govern immune cell function, giving rise to timeof-day variation in the recognition and clearance of bacterial or viral pathogens; to date, however, no such regulation of the host-fungal interaction has been described. In this report, we use murine models to explore circadian control of either fungal-macrophage interactions in vitro or pathogen clearance from the lung in vivo. First, we show that expression of the important fungal pattern recognition receptor Dectin-1 (clec7a), from either bone marrow-derived or peritoneum-derived macrophages, is not under circadian regulation at either the level of transcript or cell surface protein expression. Consistent with this finding, the phagocytic activity of macrophages in culture against spores of the pathogen Aspergillus fumigatus also did not vary over time. To account for the multiple cell types and processes that may be coordinated in a circadian fashion in vivo, we examined the clearance of A. fumigatus from the lungs of immunocompetent mice. Interestingly, animals inoculated at night demonstrated a 2-fold enhancement in clearance compared with animals inoculated in the morning. Taken together, our data suggest that while molecular recognition of fungi by immune cells may not be circadian, other processes in vivo may still allow for time-of-day differences in fungal clearance from the lung.
The probability of pathogen exposure oscillates over the circadian day, with risk generally tracking with an animal's activity such as foraging or feeding. As these activity cycles are controlled by the circadian clock, it follows that the immune response and, hence, the consequence of the host-pathogen interaction are similarly clock-controlled. Indeed, early studies demonstrated that survival following bacterial challenge in mice is dependent on time of inoculation; for example, intraperitoneal inoculation of pneumococcus in the light phase resulted in a higher mortality rate and corresponded with higher levels of bacteremia (Feigin et al., 1969; Wongwiwat et al., 1972) . Similar results were seen Circadian Clearance of a Fungal Pathogen from the Lung Is Not Based on Cell-intrinsic Macrophage Rhythms in flies; for example, infection with either Pseudomonas aeruginosa or Staphylococcus aureus during the light phase resulted in higher mortality rates (Lee and Edery, 2008) . These observations suggest that the mammalian immune system gates its response over the circadian day depending on the likelihood of pathogen exposure. This has important implications in human health, particularly for shift-workers, whose circadian disruption leads to dysregulation of the immune system, heightening the risk of various immunopathologies, including those associated with pathogen encounter (Castanon-Cervantes et al., 2010) . Mammalian clocks are driven by a conserved transcription-translation feedback oscillatory loop using CLOCK (encoded by CLOCK) and BMAL1 (Arntl) transcription factor heterodimers driving the expression of interlocking negative regulatory PER (Per), CRY (Cry), and REV-ERBα (Nr1d1) proteins and driving clock-controlled genes as output King et al., 1997; Tei et al., 1997; Gekakis et al., 1998; Hogenesch et al., 1998; Dunlap, 1999; Ko and Takahashi, 2006) . In immune cells such as macrophages, the molecular clock is cell autonomous (Keller et al., 2009 ) and drives up to 8% of the transcriptome. Toll-like receptor 9 (TLR9) is one of these clock-controlled genes, showing peak transcript levels at 20 to 24 h after serum synchronization of peritoneal macrophages (Silver et al., 2012) . Consequently, vaccination during high TLR9 expression results in greater proliferation of T cells, and induction of bacterial sepsis during high TLR9 expression exacerbates lethality (Silver et al., 2012) . Moreover, the timing of optimal host defense is not limited to bacteria; recently, control against viral pathogens (herpesvirus, influenza) and eukaryotic parasite pathogens (Leishmania) was found to be under circadian regulation (Edgar et al., 2016; Kiessling et al., 2017) .
Considering the known circadian control over bacterial, viral, and parasitic immune responses, we hypothesized that the host-fungal interaction would be similarly regulated. The most well-characterized receptor in this regard is Dectin-1 (clec7a), which binds to β-glucans on the fungal cell wall. Dectin-1 is highly expressed on macrophages, and cells from clec7a-null (Dectin-1 deficient) mice are deficient in their uptake and clearance of various fungal pathogens, including Aspergillus fumigatus and Pneumocystis carinii (Taylor et al., 2002; Herre et al., 2004; Saijo et al., 2007; Taylor et al., 2007; Werner et al., 2009) . Macrophages themselves represent the first line of defense against environmental fungi, and macrophage defects are an important risk factor for many fungal infections (MacMicking et al., 1997; Erwig and Gow, 2016) . Accordingly, we reasoned that if fungal recognition were regulated by the circadian clock, this would manifest as rhythmic expression of Dectin-1 in macrophages.
To test for rhythmicity in Dectin-1 expression, we first quantified transcript levels isolated from bone marrow-derived macrophages (BMDMs) over the course of the circadian day. Homozygous mPer2
Luc/ Luc knock-in mice (herein, wild-type) or mPer1/mPer2 mutant mice (Yoo et al., 2004) were used as a source of BMDMs. Briefly, cells were differentiated from a starting bone marrow population with L929 cultured supernatants as previously described (Weischenfeldt and Porse, 2008) , resulting in a naïve BMDM population 90% double positive for F4/80 and CD11b markers using flow cytometry ( Supplementary Fig. 1A ). These cells were serum starved for 24 h in Leibovitz's L-15 medium without serum and then synchronized with 50% horse serum. PER2 LUC luminescence from macrophages was monitored in a LumiCycle (ActiMetrics, Wilmette, IL, USA) and found to be circadian ( Supplementary  Fig. 1A ). Rhythmic cells were pulled directly from the LumiCycle and used for assay. RNA was isolated from BMDMs every 2 h after release from serum entrainment. As expected, rhythmicity could be detected by qRT-PCR for both per2 and nr1d1 transcripts from mPer2
Luc/Luc macrophages, peaking between hours 28-30 and 20-22, respectively (Fig.  1A) . Notably, these phases are similar to those previously described in peritoneal macrophages (Silver et al., 2012) . As a control, no rhythmicity could be detected in per2 and nr1d1 transcripts in BMDMs derived from mPer1 Brdm1/Brdm mPer Brdm1/Brdm (hereafter mPer1 m/m mPer2 m/m ) mice (Zheng et al., 2001) (Fig.  1A) . In contrast to per2 and nr1d1, clec7a transcripts from wild-type mPer2
Luc/Luc BMDMs did not oscillate (Fig. 1A) . Beyond Dectin-1, other pathogen recognition receptors (PRRs) against fungi may be important for circadian gating; for example, Dectin-1 and TLR2 colocalize during recognition of fungal zymosan (Brown et al., 2003) , and Dectin-1 synergizes with TLR4 (which also detects bacterial LPS) for recognition of Candida albicans by the innate immune system (Ferwerda et al., 2008 ). Therefore, we tested several other PRR genes implicated in the control of fungal infections (clec4n, TLR2, TLR3, TLR4, and TLR9) from the same RNA time-course and found that Dectin-2 (clec4n), TLR2, and TLR4 transcripts did not appear to be under circadian control, whereas TLR3 and TLR9 transcripts appeared circadian in nature (Fig. 1A) .
Because macrophages derived from different tissues exhibit diverse phenotypic behaviors (Okabe ) is not isogenic with the C57BL/6J background, and to avoid subtle genetic background issues, we carried out crosses to the C57BL/6J background, followed by SNP mapping, to select the best progeny to speed the track to isogenicity with C57. After repeated backcrosses, mPer2
Luc/Luc mice used here are >97% homozygous with the C57BL/6J background.
and Medzhitov, 2016), we investigated whether clec7a transcript expression would be rhythmic in peritoneal macrophages. These cells were elicited from mPer2 Luc/ Luc animals by thioglycolate broth injection 4 days prior to peritoneal lavage and yielded a population that was 84% double positive for F4/80 and CD11b staining (Zhang et al., 2008) (Supplementary Fig. 1B ). The cells were synchronized as described above for the BMDMs, and robust luciferase rhythms were detected in the LumiCycle (Supplementary Fig. 1B) . RNA was isolated from peritoneal macrophages every 4 h after serum entrainment and per2 and nr1d1 transcripts again appeared rhythmic, peaking at approximately the same times as in BMDMs; however, clec7a transcripts were again not rhythmic (Fig. 1B) .
Consistent with the BMDM population, these data suggest that Dectin-1 transcripts are not clock-controlled in macrophages at the level of mRNA.
Although genes may be arrhythmic at the transcript level, gene products may still exhibit circadian rhythmicity at the protein level, as half of cycling proteins in the liver lack a corresponding cycling transcript (Reddy et al., 2006) . We therefore assayed for cell surface expression of Dectin-1 in BMDMs. Flow cytometric quantification of cell surface Dectin-1 from mPer2
Luc/Luc BMDMs did not vary in a circadian manner ( Fig. 2A) , even though the PER2 protein levels in the cells used for flow cytometry clearly were rhythmic ( Supplementary  Fig. 1C ). These data suggest that Dectin-1 protein expression is also not under circadian control in BMDMs.
Even though fungal recognition by Dectin-1 may not be under clock control, the functional responses leading to fungal clearance, such as phagocytosis and other immune machinery involved, might be under clock control. For example, macrophages harvested from mice appear to phagocytose zymosan in a circadian manner (Hayashi et al., 2007) , and serum-entrained macrophages also appear to engulf foreign particles much more robustly during a specific time in culture (Oliva-Ramirez et al., 2014) . To address the possibility that the clock controls fungal clearance, we tested for a time-of-day variability in the engulfment activity of macrophages against spores (conidia) of the predominant mold pathogen A. fumigatus. Briefly, BMDMs from clock wild-type mPer2
m/m mice were exposed at various times across the circadian day to dsRed-expressing A. fumigatus spores (Jhingran et al., 2012 ) that had been partially germinated (swollen) in order to expose surface β-glucan levels. Uptake of the swollen conidia, as assessed by flow cytometry of double-positive dsRed and F4/80 signals, from either wild-type or mPer1 m/m mPer2 m/m mice, did not vary significantly across the time course (Fig. 2B) . As with the expression analyses, the mPER2 LUC levels were followed in the macrophage cultures throughout the experiment to ensure that the population was circadian ( Supplementary  Fig. 1D ).
Appropriate immunological clearing of A. fumigatus from the lung requires several steps beyond the initial encounter with resident macrophages, including chemokine secretion to attract immune cells such as neutrophils to the site of infection, adhesion molecule expression on recruited cells, and activation of antifungal programs. As any of these steps could be under circadian control, we wanted to take all such phenomena into account by looking at A. fumigatus clearance in a murine model. We challenged immunocompetent mice, wild-type (C57BL/6J; Jackson Laboratories, Bar Harbor, ME, USA) or mPer1 m/m mPer2 m/m , with 1 × 10 7 Aspergillus fumigatus (strain Af293) conidia through an intratracheal route at different circadian times. At 16 h after inoculation, lungs were harvested from the mice, and homogenates were plated to determine the colony-forming units (CFUs) as a marker for fungal burden. Fungal burden from the lung did not show significant timeof-day differences in either the wild-type or mPer1 m/m mPer2 m/m background with 4 mice per group (Fig. 2C) . To eliminate the possibility that our high inoculum was perhaps hiding a subtler circadian phenotype, and to increase the power of our analysis, we tested both a 1 × 10 7 and a 1 × 10 5 conidial inoculum at ZT0 and ZT12 using 10 mice per time-point, harvesting lungs after 14 h of incubation. Although there remained no significant time-of-day effect for the higher inoculum (Fig.  2D) , we found that there was a significant time-ofinoculation influence on fungal clearance for the latter dose (Fig. 2E) , although the effect was less than a 2-fold difference. In summary, we have identified a time-of-day influence on A. fumigatus clearance from the murine lung, although the basis for this effect remains unclear. Transcript levels of the Dectin and Dectinassociated pattern recognition receptors were not found to be rhythmic. The macrophage surface expression of Dectin-1 also did not appear to be under circadian control. Thus, we conclude that Dectin is not under circadian regulation in macrophages, although other fungal pattern recognition receptors might be subject to such regulation. In our study, phagocytosis of swollen A. fumigatus, presumably mediated by Dectin-1, did not appear to be under circadian regulation. Although phagocytosis has been observed to be circadian in peritoneum-derived macrophages taken directly from the mouse prior to assay (Hayashi et al., 2007) , our macrophages were serum-synchronized in culture and therefore did not receive macrophage-independent biological signals from the gut immediately before phagocytosis. Therefore, circadian control of phagocytosis may not be cell-intrinsic. Furthermore, we tested only macrophages in our in vitro studies. Other innate cell types, namely neutrophils, are known to be the dominant cell type recruited to A. fumigatus-infected lungs, presumably after an initial encounter with resident macrophages (Blanco and Garcia, 2008; Hasenberg et al., 2011) . However, the direct assessment of neutrophilic circadian behavior is difficult since neutrophils have short life spans in culture. Neutrophils may therefore play a role in the observed time-ofday differences of A. fumigatus clearance from the murine lung. It will also be interesting to see whether similar results are obtained with other fungal pathogens, particularly those that infect other sites in the body (i.e., the gut or central nervous system) and whose immunological response may differ markedly from A. fumigatus (Blanco and Garcia, 2008) . Taken together, our data suggest that the host-Aspergillus interaction may be under subtle circadian control but through a mechanism that is independent of Dectin-1 on macrophages. 
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